Abstract-In this paper, the authors have explored the idea of secondary spectrum access by using cognitive radios (CR) in a secondary network deployed in the region of a wireless cellular network. In the CR network, secondary users (SUs) opportunistically access the underutilized spectrum owned by the licensed primary users (PUs) of the cellular network for their own transmissions. Since SUs share the spectrum of PUs, PUs must be protected from any harmful interference by the SUs. It should also be ensured that SUs are able to transmit without any interruption and this can be achieved by maximizing SINRs of SUs. To keep this in mind, we have addressed a joint issue of power control and beamforming for the CR network maintaining insignificant interference level to the PUs as well as maximizing SINRs for all SUs. An iterative algorithm has been proposed to jointly update the transmission power vector and the beamformer weights to maintain the received interferences at PUs below a threshold level as well as to ensure that the SUs who are admitted in the CR system are guaranteed with their SINR requirements. Our proposed algorithm has been evaluated through a detailed analysis with simulation results.
I. INTRODUCTION
Modern wireless communication systems require high speed data transmission to provide wireless data services such as high speed internet access, video, high quality audio, and gaming. To put these services into reality, more spectrum allocation is needed, but most of the licensed and the unlicensed bands are also rapidly filling up. However, some licensed bands are under-utilized most of the time and some others are only partially occupied [1] . Therefore, Most of the researchers have focused on efficient utilization of the precious natural spectrum-resource. In [2] [3] , Mitola and Maguire have introduced the idea of CR for the first time to improve the spectrum utilization allowing simultaneous transmission of PU and SU. This idea has been further extended in [4] [5] . However, since CR shares the spectrum of the primary network, it will cause co-channel interference to PUs that limits the system capacity by reducing received SINRs of the PUs. So, the major challenges for the CR network are guaranteed security of PUs from interference caused by SUs and QoS of SUs by maximizing SINR. The use of adaptive array antenna beamforming in the secondary CR network will improve the QoS of the SUs in the CR network by maximizing the SINRs of SUs. Also, we need to optimize the transmit power of all the SUs in the CR network to minimize the total transmitted power and maintain the interference level to PUs below the acceptable limit. So, power control issue of the CR network in addition to beamforming has been considered in our paper.
As power control and beamforming are recognized as effective tools for controlling co-channel interference and thus increase system capacity, different power control schemes to control co-channel interference in cellular wireless network have been proposed in [6] [7] . An improvement in system capacity of a cellular CDMA network using base-station antenna arrays was shown in [8] .The joint issue of power control and beamforming in wireless network was first rigorously addressed in [9] . However, in the context of CR network deployed in the coverage region of the cellular network, the optimum power allocation scheme has to deal with additional challenges of keeping interference to the PUs within acceptable limit for maintaining SUs' transmission. Though, the joint power control and beamforming for CR network has been considered in [10] based on Weighted Least Square (WLS) approach, it has failed to ensure the minimum required SINRs for all SUs. The power control solution based on IRLS approach has been addressed recently in [11] [12] , where we meet all the constraints for CR network using MMSE beamforming. In [13] , we have proposed a new MVB technique for CR network that increases the received SINR of the SUs considering some additional constraints with the single constraint of the conventional MVB. In this paper, we have combined our ideas presented in [11] [12] [13] and extend the analysis with new MVB to propose an iterative algorithm to meet the challenges of the cognitive radio network.
II. SYSTEM MODEL FOR CR NETWORKS
A secondary CR network operating within the region of a primary cellular network has been considered in our system model. In the CR network, K SUs opportunistically access the frequency band allocated to N PUs of the cellular network. Each SU and PU has single antenna transceiver system. The SUs communicates through a secondary BS (SBS) which is equipped with an adaptive uniform linear array of M antenna elements and lies at the center of the CR network as shown in Fig. 1 
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So, the induced signal at the antenna array can be represented as H is the hermitian transpose operator.
Considering the components of x as zero mean stationary processes, the mean output power of the beamformer for a given weight vector k w is given by MM  identity matrix. Then, the algebraic manipulation using (4), (5), and (8) leads to the following expression for R as 2 11 .
In this paper, the proposed algorithm has been implemented in SBS with the perfect knowledge of these matrices. Since both the primary and secondary network share the same frequency band the received signal at the SBS is interfered by transmissions of the PUs. Also the received signal at the PUs' receiver is interfered by the signal transmitted by the SUs. Considering the thermal noise, the SINR of SU k and total interference at PU n are given respectively as follows
where, , , k n k n X G . For a CR network to coexist with the primary network the total interferences at the PUs should be below certain threshold and therefore, it is very important to control the transmission powers of SUs. Also, to improve the performance of SUs by optimizing their SINRs, power allocation in the CR network should be appropriately determined.
III. ANTENNA ARRAY AND BEAMFORMING
The aim is to design M-element adaptive antenna array in Fig. 2 for the SBS to receive signals arriving from the desired directions and attenuate signals from the undesired directions. The induced signals at antenna elements are multiplied by complex weights and added by a beamformer to produce the main beam and nulls estimating the optimum weight vector k w for the desired SU. The adaptive beamformer adjusts the weighting to steer the main beam towards the target SU by maintaining constant gain at this direction and to place nulls in the directions of sources of interferences. MVB is an adaptive beamforming technique to improve system capacity by suppressing the co-channel interference, and to enhance the system immunity to multipath fading. Thus, use of minimum variance beamforming (MVB) in CR networks within the coverage region of a primary cellular network can protect PUs from harmful cochannel interferences induced by the transmission of SUs. Also, the received SINR of the SUs increases with the use of beamforming. Therefore, an efficient beamforming has been proposed in [13] to incorporate some additional constraints along with the single constraint of conventional MVB to make the array gain zero to the directions of the PUs and undesired SUs interfered by side-lobes. The reformulated beamforming problem can be stated as , with kth element being unity and all other components zero. The expected antenna pattern with the solution of (11) has been shown in Fig. 4 . In order to obtain the optimum weight vector from the solution of our reformulated beamforming problem, we have used Lagrange multiplier method. The real-valued Lagrangian function as in [13] [14] , has been formed using (11) as following
where i  is the Lagrange multiplier for the ith constraint.
Then, using the theory of complex matrix calculus the optimal weight vector for the new MVB can obtained according to [13] as
This solution for optimal weight vector can make the SBS-beamformer efficient enough to put zero gain towards the PUs and other undesired SUs, and maintain unity array gain towards the desired SU. Since the SBS is assumed to have perfect knowledge about directions of interferences, this solution will be able to suppress every interference which will maximize the output SINR for the desired SU. However, the number of interferences must be less than or equal to (M-1), as an array with M elements has (M-1) degrees of freedom and one degree will be utilized by the unity constraint for the desired direction [15] . 
IV. JOINT OPTIMAL POWER CONTROL AND BEAMFORMING
In a CR network, the optimal beamforming weight vector may vary for differing transmitting power of SUs. Thus, the level of interferences at PUs not only depends on the the gain between interfering SUs and PUs but also on the level of transmit power of SUs. In order to ensure satisfactory performance of the SUs in the CR network without interfering PUs, beamforming and power control should be considered jointly. In the CR network, beamforming weight vector and transmit power allocation for SUs should be jointly optimized in such a way that all the SUs are ensured with SINRs above a threshold value 0  while maintaining the total interference at PUs within the maximum tolerable limit 0  . Therefore, the joint power control and beamforming problem can be stated as follows 
A. Least Square (LS) Solution
In order to achieve optimal power allocation for SUs in the CR network, Least Square (LS) method can be applied for solving the optimization problem (15) with the given feasible set of beamforming weight vector W .
Since the optimization problem of (15) consists of more number of equations than the unknowns as an over determined system, its LS solution minimizes the sum of the squares of the errors made in solving every single equation and converges to an optimum power transmit vector. The LS solution of (15) is given by 1 (
) .
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Although LS method is the standard approach to solve overdetermined system, this LS solution cannot always protect PUs by maintaining the total interference within the tolerable limit while maintaining all SUs' SINR above the threshold value. So, PUs must be protected from the interferences caused by any secondary transmission.
B. Weighted Least Square (WLS) Solution
To protect the PUs from interference induced by SUs, Weighted Lest Square (WLS) method has been presented in [10] 
C. Iteratively Reweighted Least Square (IRLS) Solution
The main shortcomings of LS and WLS solution are lack of meeting SINR constraints of SUs while protecting PUs from the interference induced by the SUs. Hence, our IRLS solution presented in [11] [12] provides an optimum power control solution capable of meeting all the constraints of (14) . To obtain a robust power control solution for the joint issue of power control and beamforming in CR network, an iterative algorithm has been proposed in Tab. 1. In our proposed algorithm, the IRLS solution is obtained by updating a diagonal weight matrix  in such a way that the error of the solution reduces iteratively for every iteration and converges to the optimum solution which is very close to the exact one. As a result, IRLS solution makes the optimal power allocation more robust than the previous solutions satisfying the constraints of both the PUs and SUs.
We have considered an iterative loop beginning with the ( ) (
Then, the corresponding initial IRLS solution as WLS solution is given as 1 ( ) .
Therefore, IRLS solution has been recalculated using (18) with updated diagonal weight matrix  according to [11] [12]  is the stopping criterion.
Since both SUs and PUs are prioritized by giving weights according to the residuals, this algorithm is capable of meeting the SINR and interference constraints. In addition, MVB produces a null array gain towards all users except the desired one. As a result, we obtain a much higher SINR than the threshold one for CR users without inducing any harmful interference to PUs.
V. SIMULATION RESULTS
Simulations are conducted to evaluate the performance of the proposed iterative algorithm, considering CR network of a BS of 10 elements antenna array with inter element spacing of half carrier wavelength for carrier frequency of 600MHz. We assume that there are 3 SUs in the CR network that co-exist with 5 PUs in the primary cellular network. For simplification of our results, independent path gain of 0.1 from SUs to BS, 0.01 from PUs to BS and 0.001 from SUs to PUs are also assumed. Receiver noise power is -150dB and maximum transmit power constraint is 30dB.  where the SINRs of all SUs converge at or above threshold value 12 dB but fails to keep SINR of SU 3 above threshold value.
The performance of the combined new MBV and IRLS solution has been evaluated with which has shown in Fig. 7 . The convergence of SINRs of SUs and total interferences at PUs with proposed MVB and IRLS solution provides a threshold value of 12 dB maintaining the interferences to all PUs below acceptable limit. On the other hand, WLS solution fails to keep SINR of SU 3 above threshold value. Thus, our proposed algorithm provides a robust power control solution based on MVB and IRLS approach.
VI. CONCLUSION
Cognitive radio technology builds upon software-defined radio technology can effectively transmit information to and from wireless communication devices. It is being pressed for mission-critical civilian communications such as emergency and public safety services. In this paper, an iterative algorithm has been proposed based on an efficient MVB technique and IRLS approach for CR networks. This algorithm jointly updates the transmission power vector and the beamformer weights to maintain the received interferences at PUs below a threshold level as well as to ensure that the SUs who are admitted in the CR system are guaranteed with their SINR requirements. Our approach has been compared with the existing LS and WLS and the simulation results show that the proposed algorithm is capable of maintaining the interference level at the primary users below the maximum tolerable limit and SINRs of secondary users above the threshold value whereas the other algorithms failed to meet the requirements.
